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The SPS proton antiproton collider was the first hadron collider operating with bunched beams. In this paper the
observations of beam-beam effects are discussed. These observations together with theoretical work and computer
simulations led to an understanding of the important parameters for the beam-beam interaction for hadron colliders.
KEY WORDS: Beam-beam, luminosity
1 INTRODUCTION
The CERN-SPS was constructed in the early 70s as a synchrotron to accelerate protons to
an energy of 450 GeV for fixed target experiments. To search for the Z and W particles,
an antiproton production and accumulator complex was later developed and the SPS was
modified to operate as a PI' collider at an energy of 315 GeV per beam with its first operation
in 1981.1
During the first years of operation three proton bunches were colliding with three
antiproton bunches. The intensity of the I' bunches was about ten times less than the proton
bunch intensity due to limitations in the I' production.
The SPI'S was the first hadron collider operating with bunched beams. Before the
commissioning of the machine it was debated if it was possible to collide proton and I'
bunches, or if the beams would become unstable due to the presence of the beam-beam
interaction without damping as in e+e- colliders. Its success demonstrated the feasibility
of high energy hadron colliders. Operation and machine studies led to an understanding
of the important parameters in the beam-beam interaction. In particular, the necessity to
limit the tune spread of the particles between higher order beam-beam resonances was
understood.
When later the I' production rate was substantially increased, it became possible to operate
the collider with six bunches per beam. To limit beam-beam effects the orbits of the two
beams were separated using electrostatic deflectors at the unwanted collision points. With
more bunches and the pbunch intensity increased to about 60% of the proton bunch intensity
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FIGURE 1: Layout of the SPS proton antiproton collider with proton and antiproton beam separated by
electrostatic deflectors.
2 LAYOUT OF THE SppS
The 6.9 kIn long SppS had a six-fold symmetry with the two detectors UA1 and UA2
in the interaction points 4 and 5 (Figure 1). First, the proton bunches were injected
with 2.4 seconds spacing and the antiproton bunches followed, again with 2.4 seconds
between two bunches. Then the energy was ramped to the collision energy of 315 GeV
in some seconds and the ,B-function in the two low-,B insertions for UA1 and UA2
was reduced to the final value. The beams were colliding head-on with ,Bx = 1.0 m
and ,By = 0.5 m. Horizontal and vertical emittances were similar for both protons and
antiprotons.
For the operation with six bunches per beam, electrostatic separators were developed and
installed close to the interaction points. During physics operation the beams were separated
in the horizontal plane by about 6 a at the unwanted crossing points as shown in Figure 1
(the separation is defined as the distance between the beams, a is the rms horizontal beam
size). During injection and ramping one separator created an orbit deformation around the
ring with opposite sign for both beams, and the separation between the beams was different
for the 12 crossing points between 1.5-6 a .2
3 HOW TO OBSERVE BEAM-BEAM EFFECTS
One method to measure the beam stability was to observe the lifetime of individual bunches
and total circulating current. With only one beam and the betatron tunes well adjusted, the
lifetime exceeded 100 hours. A reduced value of the lifetime and high background rates in
the physics detectors indicated limitations from beam-beam effects. Bunch intensities and
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total intensity were different if particles were lost out of the RF bucket due to effects which
are not related to the beam-beam interaction. RF noise is one example for a mechanism to
loose a particle out of the bunch. The loss of energy due to the emission of synchrotron
radiation was negligible and therefore these particles kept their energy and continued to
circulate in the machine.
Another sensitive measure of the beam stability was the background rate in the physics
detectors which could be separately observed for protons and antiprotons. With stable beams
this rate was in the order of some hundred Hz. An increase of the rate, sometimes to values
above 100 kHz, was frequently related to particle losses due to beam-beam effects.
To measure the betatron tune the spectra of the transverse oscillations were recorded.
Therefore sensitive detectors measuring the Schottky noise of the bunches were developed.
Emittance measurements from wire scanners and synchrotron light monitors were used
to measure and compare the emittances of different bunches and to measure the emittance
evolution in physics operation.
4 TUNE SPREAD AND BEAM-BEAM RESONANCES
The SPS is an accelerator with normal conducting magnets. Nonlinearities in the magnets
were negligible. The only nonlinear fields to be considered came from the sextupole
magnets for chromaticity correction. Without the presence of the counter rotating beam
only resonances of second, third and fourth order were dangerous for the particles and had
to be strictly avoided.
Due to the beam-beam interaction and space charge effects the betatron tunes of an
ensemble of particles differed from the tune of a single particle:
• The tune spread due to the beam-beam interaction is in the order of the linear tune
shift. In a hadron collider the tune spread is independent of the beam energy. The tunes
of the particles are shifted upwards, for a particle with' small betatron amplitude by
the maximum value.
• At injection energy, the Laslett space charge detuning must be considered for intense
bunches. The tunes of the particles are shifted downwards, with the maximum tune
shift for a particle with small amplitude. The detuning decreases with 1/y 2 and is
therefore negligible at collision energy.3
With three proton and three antiproton bunches colliding at six points, the tune shift of
the antiprotons from the protons was about 0.003 per collision point. The total tune spread
was about 0.018. At injection the Laslett incoherent tune spread was about 8Qh = -0.03
and 8Qv = -0.05 and therefore larger than the beam-beam tune spread.4
In order to avoid particle losses during the time required for the injection process they had
to be kept clear from resonances of third and fourth order. The distribution of the betatron
tunes in the working diagram during injection and at collision energy is shown in Figure 2.
The betatron tunes were always adjusted between third and fourth order resonances. Proton
tunes were shifted down from the single particle tune due to the Laslett incoherent space
charge detuning. The 15 tunes were shifted upwards due to the beam-beam interaction, due
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FIGURE 2: Tune diagram for colliding beams and at injection.
1-\t collision energy higher order beam-beam resonances were limiting the lifetime, if the
betd-tron tunes were not carefully chosen.5 Figure 3 shows the result of a tune scan with
three proton bunches and a single weak p bunch performed in the early days of the SppS
colJider demonstrating the effect of 10th order resonances: proton and p bunch intensities
taken with a chart recorder are shown as a function of the tunes. The decay rate of the
antiproton bunches was extremely sensitive to the tunes. When they touched resonances of
order 10, the lifetime dropped from more than 100 hours to only 25 hours. At that time no
effects from 13th and 16th order resonances were noticed.
rrhe emittance of the bunches is determined by the injector chain due to the absence
of damping effects. On one occasion the emittances of the three antiproton bunches were
significantly different. It was noticed, that the lifetime of the bunch with the largest emittance
was low, indicating a loss of all particles with large amplitudes (see Figure 4). This
observation also demonstrated, that the beam-beam effect can lead to a reduction of the
emittance due to the loss of particles from the tails of the distribution. After some time
these particles were lost out of the machine and the lifetime for the three bunches became
similar.
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FIGURE 4: Lifetime of three antiproton bunches named x, y and z with different emittances.6
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5 BEAM-BEAM EFFECTS WITH SEPARATED BEAMS
With the upgrade of the p production and accumulation complex a much larger number
of antiprotons was available from 1987 onwards which allowed the operation of the SppS
with beams of six bunches. With 12 collision points the beam-beam tune spread became
intolerable: during injection the machine resonances of 3rd and 4th order could no longer be
avoided. At collision energy the lifetime of the bunches was limited to less than one hour due
to particles crossing resonances of order 10. In order to operate efficiently it was necessary
to minimize the total tune spread by separating the beams at the maximum possible number
of unwanted collision points during injection, energy ramping and storage.
The separation during injection could be conveniently accomplished by using only
one separator in the ring. The maximum radial orbit excursion was ± 10 mm and the
beams were separated at the different collision points between 1.5 and 6 a (with the
separation defined as the distance between the beams in units of a, the horizontal rms
beam width). When the beams become separated, the tune shift decreases as shown in
Figure 5. The strength of all even order resonances becomes smaller, and resonances of
odd order appear. Without separating the beams most of the antiprotons were lost during
injection and energy ramping (see Figure 6). After separating the beams no losses were
observed. As it had been expected, odd-order resonances due to the beams colliding with
an offset were observed, but their effect was tolerable during the short time required for
injecting the beams.











o 1 2 3 4 5 6
separation between beams in the horizontal plane (in sigma)
FIGURE 5: Detuning of a particle oscillating with a small betatron amplitude as a function of separation between
the two beams.











FIGURE 6: Transmission of the antiproton beam with and without injection separation.
At an energy of 315 GeV the beams were colliding in three points, which reduced the
tune spread to a value lower than the tune spread in the operation with three bunches per
beam. The separation between the beams at the other crossing points was about 6 a .
When this mode of operation was commissioned, an enormously high background rate
in the physics detectors from the proton beam was observed, together with a low lifetime of
the protons caused by the beam-beam force of the less intense pbunches. The effect of the
proton bunches on the antiprotons was comparably small. This had not been expected, since
the linear beam-beam tune shift of the pwas much higher due to the about ten times higher
proton bunch intensity. It was realized, that this effect was due to the different emittances
of proton and antiproton beam. Before the installation of the electrostatic separators the
beams were always colliding during the injection process, which led to an increase of the p
emittance to about the same value as the proton emittance. With the strongly reduced beam-
beam interaction due to the beam separation during injection the low antiproton emittance
from the injector complex was conserved (see Table 1).
By either increasing the antiproton emittance or reducing the proton emittance by scraping
the beam tails, the emittances were balanced and the background rate decreased to an
acceptable level. For the following running period the proton emittance could be reduced
by minimizing all effects which increased the emittance throughout the chain of injectors.
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TABLE 1: Relevant parameters for beam-beam effects before and after the upgrade of the SppS.
parameters before upgrade after upgrade
Initiallumi.lifetime [h] 20- 25 h 1-10h
P bunch intensity 14.0x 1010 12.5x 1010
p bunch intensity 1.5x 1010 4.0x 1010
bunches per beam 3 6
Beam separation No Yes
Number of head on IPs 6 3
Horizontal emittance, p [rr mm mrad] 20~25 20-25
Vertical emittance, p [rr mm mrad] 20-25 20-25
Horizontal emittance, p [rr mm mrad] 20-25 8-12
Vertical emittance, p [rr mm mrad] 20-25 8-12
Operational tunes (H,V) 26.685/27.680 26.685/27.680
6 BEAM-BEAM EFFECTS FOR BEAMS OF UNEQUAL EMITTANCES
In a series of experiments the beam-beam interaction with beams of different emittances
was studied. As a consequence of an emittance difference the strength of 16th and 13th
order resonances increases for the larger beam and leads to particle losses. In this case the
linear beam-beam tune shift parameter is insufficient to characterize the strength of the
beam-beam interaction.
Figure 7 shows the relative proton decay monitored with the background counter in one
of the physics detectors as a function of horizontal tune. The normalised proton emittance
was 25 JT mm mrad, the antiproton emittance 13 JT mm mrad and the bunch intensities
1.5 x 1011 (protons) and 1.9 x 1010 (p). Under these conditions the proton background rate
increased to a level too high for the physics detectors to operate. The strong dependence of
background rate with tune correlates well with the presence of 16th order resonances.
In another experiment the proton beam stability was compared for one proton bunch
colliding with one p bunch, before and after scraping a substantial fraction of the p beam
(Table 2). In Figure 8 the proton intensity decay rate (which is the inverse lifetime) and the
background rate are shown as a function of the horizontal betatron tune'? Before scraping,
no increase of the proton intensity decay rate in the region of 16th order resonances was
observed. After reducing the antiproton emittance, a clear increase of the intensity decay
rate was noticed. Although the linear beam-beam tune shift was reduced by about 40%,
the destructive effect on the proton bunch increased after the scraping. In both cases the
antiproton bunch did not suffer from beam-beam effects.
The excitation of 16th order resonances with beams of unequal emittances could be
explained as follows (Figure 9): a proton beam with a Gaussian distribution of betatron
amplitudes collides with the p beam. If the emittance of the antiprotons is much larger
than the proton emittance, all protons oscillate in the linear part of the beam-beam force
which is not destructive. If the antiproton emittance is reduced, more and more protons
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FIGURE 7: Counting rate of background and proton bunch intensity versus horizontal betatron tune for a scan
across resonances of order 16.
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FIGURE 8: Proton bunch intensity decay and proton background rate versus horizontal betatron tune in the region
of 16th order resonances, before and after an emittance reduction of the antiproton beam.
with large amplitudes experience the nonlinear part of the beam-beam force and sufferfrom
resonances due to the beam-beam interaction. Figure 10 shows the resonance width versus
betatron amplitude for resonances of 4th, 10th and 16th order. The abscissa is the proton
betatron amplitude, expressed in units of the rms deviation of the pbeam size. By scraping
the p beam more protons oscillate in the non-linear part of the potential and experience
resonances with an increased width. For a particle with an amplitude of 5 a, the 16th order
resonance is stronger than the 10th order resonance for a particle at 2 a .
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TABLE 2: Proton and Ii beam parameters before and after scraping of the antiproton beam.
parameters before scraping after scraping
p bunch intensity l1.0x 10 tO 11.5 x 10 tO
Ii bunch intensity 5.4x 10 tO 2.7x 10tO
Horizontal emittance, p 22 T( mm mrad 22 T( mm mrad
Vertical emittance, p 22 T( mm mrad 22 T( mm mrad
Horizontal emittance, Ii 30 T( mm mrad 23 T( mm mrad
Vertical emittance, Ii 30 T( mm mrad 25 T( mm mrad
Linear tune shift on protons 0.001 0.0006
beam-beam kick
amplitude
large single particle emittance =small tune shift
amplitude
FIGURE 9: Particle with two values of the betatron amplitude in the potential of the counterrotating beam.
7 OBSERVATION OF DIFFUSION IN THE BEAM-BEAM INTERACTION
One way ofunderstanding the beam-beam interaction is to assume an overlap ofmany higher
order resonances creating a stochastic area in phase space and leading to a diffusion of the
particles and their subsequent 10ss.6 In one experiment the diffusion rate was measured as
a function of particle amplitude.? Six proton bunches were colliding with six p bunches,
with the betatron tunes of the protons placed in the nest of resonances of order 10. The
experimental procedure was similar to the procedure for the dynamic aperture studies at
the SPS:9 a collimator was moved close to the proton beam scraping all particles with an
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FIGURE 10: Resonance width function versus particle amplitude in units of the rms beam size of the counter-
rotating beam.
amplitude larger than a certain value (see Figure 11). The scraping caused a spike in the
background rate measures with the physics detectors. Then the collimator was retracted by
2 mm. The background rate decreased immediately since the tail of the proton distribution
did not touch the collimator anymore. After some time, the amplitude of some particles
in the tails of the proton distribution increased by 2 mm due to diffusion and touched the
collimator again creating an increased background rate. The time for the background rate
of the protons to reach its equilibrium value was recorded. The experiment was repeated
for different positions of the collimator.
Finally the emittance of the p beam was reduced and the diffusion measured again for
one of the collimator position used before. The result of the experiment is shown in Table 3.
The diffusion rate of the protons increased strongly with their amplitude. When the
p emittance was reduced, the diffusion increased: for the same collimator position the
risetime decreased from 600 to 69 seconds. This result is consistent with the experiments
described previously: the beam-beam interaction is more destructive in the case of beams
with unbalanced emittances.
To better understand the important parameters for the beam-beam interaction a tracking
program was developed simulating the trajectory of one particle colliding with a counter-
rotating beam. IO Between two collisions the particles were transported using a linear map.
Nonlinearities between the beam-beam collision were neglected, an assumption which is
well justified for the SPS. It turned out to be important to include small tune modulations in
the tracking program. This is a realistic assumption because tune modulations are always
present due to power supply ripple and other sources.
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FIGURE 11: Background rate versus time measured with the physics detectors. The upper traces are the rate for
the protons, the lower the prates.
For a tracking of a particle in one plane two effects were observed:
• If the modulation frequency was below 0.5 Hz, resonance trapping can lead to an
increase of the betatron amplitude and to a loss of the particle.
• If the modulation frequency was above 0.5 Hz, stochastic layers were observed, which
increased the particle amplitude by a small amount but did not lead to particle losses.
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When the tracking was extended to two dimensions, a strong increase of the particle
amplitude was observed for particles crossing 16th order resonances and the results are in
qualitative agreement with the experiments:
• with the tunes selected in order to avoid 16th order resonances the particles are stable
• with the tunes close to the resonances oforder 16, the amplitude increases. The increase
of the betatron amplitude depends strongly on the initial amplitude: for low amplitudes
the particles are stable, and for an amplitude ofabout 5 a a fast increase ofthe amplitude
was noticed.
8 BEAM-BEAM EFFECTS WITH BEAMS COLLIDING AT A CROSSING ANGLE
It is known that the collision of two beams at a crossing angle can lead to the excitation of
synchrobetatron resonances. I I The design for the Large Hadron Collider assumes a small
crossing angle of 200 JLrad. By reversing the polarities of one of the separators in the SppS
the orbit was locally perturbed in such a way that the bunches were crossing in interaction
point 4 at a crossing angle of ±175 JLrad. 12 The orbit was unperturbed outside this area.
A single proton bunch was injected together with two antiproton bunches. One p bunch was
interacting with the proton bunch head-on at two normal crossing points. The other p bunch
was colliding at one point at an angle and at one normal collision point. In this way it was
possible to compare the behavior of the two bunches under identical machine conditions.
The intensity lifetime of the two p bunches was compared as the tune was slowly moved
upwards into resonances of order 10. No significant difference between the behavior of the
bunch with crossing angle compared with the bunch which experienced head-on collision
was observed.
In a later experiment the crossing angle could be increased to even larger values and
again no adverse effects for the collision at an angle were noticed. 13
9 DISCUSSION
The phenomenology of the beam-beam interaction in the SppS and in other hadron colliders
is relatively well understood. 14,15
The beam-beam interaction leads to a spread of the betatron tunes and to an excitation
of resonances. Even if the beam-beam induced resonances are weak, third and fourth order
resonances which are always present have to be avoided. With a large tune spread this can
be difficult and the working point Qx and Qy has to be carefully selected.
When the beams collide for many hours and a lifetime of at least some ten hours is
required, the betatron tunes have to be adjusted to avoid 10th order resonances. This
requirement further reduces the allowed space in the working diagram. With six proton
and six p bunches it was only possible to operate between 3rd and 10th order resonances
after reducing the tune spread by separating the beams at 9 of the 12 crossing points. A
maximum tune spread of about 0.020 was achieved.
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If one beam had a much larger emittance than the counterrotating beam, resonances of
13th and 16th order became apparent and caused a low lifetime and a high background of
the larger beam.
The beam stability due to higher order resonances is reduced, in particular when tune
modulations due to power supply ripple and other sources are present. This could be
demonstrated with a tracking program: the particle amplitude increased, when the betatron
tunes were on the 16th order resonance and a small tune modulation was switched on.
The effect of tune modulation was observed at the SPS in the experimental studies of
the dynamic aperture in the presence of strong nonlinear fields with one beam:9 when a
controlled modulation of the tune was introduced by powering special quadrupoles the
diffusion of particles became 5 to 10 times faster.
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